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ABSTRACT
We present MUSE observations of the field of the quasar Q0152−020 whose spectrum
shows a Lyman limit system (LLS) at redshift zabs = 0.38, with a metallicity Z&
0.06Z⊙. The low ionization metal lines associated with the LLS present two narrow
distinct absorption components with a velocity separation of 26 km s−1. We detect
six galaxies within 600km s−1 from the absorption redshift; their projected distances
from the quasar sightline range from 60 to 200 kpc. The optical spectra of five of these
galaxies exhibit prominent nebular emission lines, from which we deduce extinction-
corrected star formation rates in the range SFR = 0.06–1.3M⊙ yr−1, and metallicities
between 0.2 Z⊙ and Z⊙. The sixth galaxy is only detected in the stellar continuum.
By combining our data with archival Keck/HIRES spectroscopy of the quasar and
HST/WFPC2 imaging of the field, we can relate absorption line and galaxy kinematics;
we conclude that the LLS is most likely associated with the galaxy closest to the quasar
sight-line (galaxy “a”). Our morphokinematic analysis of galaxy “a” combined with
the absorption line kinematics supports the interpretation that one of the absorption
components originates from an extension of the stellar disk of galaxy “a”, while the
other component may arise in accreting gas in a warped disk with specific angular
momentum ∼ 3 times larger than the specific angular momentum of the galaxy halo.
Such warped disks are common features in hydrodynamical simulations of cold-flow
accretion onto galaxies; the data presented here provide observational evidence in
favour of this scenario.
Key words: galaxies: abundances – galaxies: ISM – galaxies: kinematics and dynam-
ics – quasars: absorption lines – quasars: individual: Q0152−020
1 INTRODUCTION
Galactic growth is regulated by the mass and mo-
mentum exchange of galaxies with their surroundings.
⋆ Based on data obtained under the ESO programme 096.A-0303
at the European Southern Observatories with MUSE at the 8.2
m telescopes operated at the Paranal Observatory, Chile.
† E-mail: hadi.rahmani@gmail.com
Galaxies acquire their mass and momentum dominantly
via intergalactic medium (IGM) gas accretion and lose
them via strong outflows driven by active galactic nu-
clei or supernovae. Such strong outflows, also referred
to as feedback processes, are observed to be associated
with galaxies over a broad range of mass and morphol-
ogy and a wide range of redshift (Lehnert & Heckman
1996; Heckman et al. 2000; Pettini et al. 2001; Martin
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2005; Weiner et al. 2009; Nestor et al. 2011; Martin et al.
2012; Erb 2015). Moreover, feedback processes are the
key input for the cosmological simulations to be able
to reproduce the observed mass and luminosity distribu-
tion of galaxies (Springel et al. 2005; Sijacki et al. 2007;
Booth & Schaye 2009; Oppenheimer et al. 2010; Haas et al.
2013; Vogelsberger et al. 2014; Schaye et al. 2015). On the
other hand, IGM gas accretion is inferred via a few in-
direct arguments: (i) The available cold gas reservoirs in
star-forming galaxies at any redshift are hardly enough
to sustain their star formation rates (SFR) over a time
scale of a few Gyr (Genzel et al. 2010; Daddi et al. 2010;
Kennicutt & Evans 2012; Tacconi et al. 2013; Leroy et al.
2013; Scoville et al. 2016); (ii) The observed metallicity dis-
tribution of old stars in the Milky Way is inconsistent with
that produced by ’closed-box’ galaxy evolutionary mod-
els, and requires the inclusion of inflow of low metallic-
ity gas (the so-called ’G-dwarf problem’; see Larson 1972;
Lynden-Bell 1975; Pagel & Patchett 1975; Fenner & Gibson
2003; Chiappini 2009). (iii) The cosmic density of neu-
tral hydrogen, the fuel for forming stars, (Pe´roux et al.
2003; Prochaska et al. 2005; Noterdaeme et al. 2009, 2012;
Zafar et al. 2013) evolves very little compared to the cos-
mic density of the star formation rate (Madau & Dickinson
2014).
From a theoretical point of view, IGM gas filaments
inflowing into a dark matter halo, at the virial radius, get
shock heated to the virial temperature which is ∼ 106 K
for a L∗ galaxy (Silk 1977; Rees & Ostriker 1977). Subse-
quently, this gas cools and sinks to the center of the halo
where it can form stars (Maller & Bullock 2004). However,
more recent works in cosmological hydrodynamical simu-
lations emphasize the importance of the filamentary na-
ture of gas accretion onto galaxies, particularly at high red-
shifts where cosmic filaments are much denser than those
in the local Universe (Keresˇ et al. 2005; Dekel & Birnboim
2006; Brooks et al. 2009; Faucher-Gigue`re & Keresˇ 2011;
van de Voort et al. 2015). Such a filamentary stream of
gas can be dense enough to have a cooling time scale
shorter than the compression time scale (Binney 1977;
Birnboim & Dekel 2003). Therefore, shocks are not formed
to heat the gas to the virial temperature. This leads to the
penetration of the filamentary cold gas (T ∼ 104 K) streams
into the inner galactic region of the dark matter halo of
galaxies. This mode of gas accretion is referred to as the
“cold mode” accretion.
The inflowing gas into a galaxy via the “cold mode”
accretion is expected to directly reach the outskirts of the
galaxy, delivering fuel for star formation and also angu-
lar momentum (Shen & Sellwood 2006; Agertz et al. 2009;
Stewart et al. 2013; Danovich et al. 2015). Accreted “cold
mode”gas is then expected to corotate with the central disk,
though with a higher angular momentum, forming a warped
extended gaseous structure in the circumgalactic medium
(CGM).
Warped extended disks inclined up to ∼ 20° with
respect to the stellar disk having radii in a range of
a few kpc to larger than 100 kpc are frequently de-
tected in H i 21-cm observations in the local Universe
(Briggs 1990; Shang et al. 1998; Garc´ıa-Ruiz et al. 2002;
Heald et al. 2011). At higher redshifts, warped extended
disks should be detectable with distinguished kinematics
in absorption against background quasars (Steidel et al.
2002; Kacprzak et al. 2010b; Bouche´ et al. 2013, 2016;
Pe´roux et al. 2017; Ho et al. 2017). Such absorption lines
are predicted to have velocity offset of ∼ 100 km s−1 with
respect to the galaxy’s systemic velocity in the same di-
rection as galaxy rotation (Stewart et al. 2011b). Therefore,
the technique of quasar absorption line spectroscopy can be
highly effective in searching for signatures of “cold mode”
accretion (provided one avoids regions along the minor axis
of a galaxy where galactic outflows may be taking place).
Mg ii absorbers are amongst the best tracers of the
cold gas associated with galaxies. Galactic winds and in-
flowing gas or a combination of both are postulated as
the origin of the Mg ii absorbers (Bouche´ et al. 2007a;
Chen et al. 2010; Nestor et al. 2011; Bordoloi et al. 2011;
Kacprzak et al. 2012; Nielsen et al. 2015). We note that all
Mg ii absorbers are associated with Lyman limit systems
(LLS) that are absorbers with N(H i)& 1017 cm−2. Sev-
eral studies have shown that the Mg ii equivalent width
is dependent on the apparent position of the background
source with respect to the host galaxy absorbers (e.g.,
Steidel et al. 1994; Bordoloi et al. 2011; Bouche´ et al. 2012;
Kacprzak et al. 2012; Bordoloi et al. 2014a; Nielsen et al.
2015). As an example, using a sample of 88 quasar-galaxy
pairs, Kacprzak et al. (2012) found that the covering frac-
tion of Mg ii absorbers is enhanced by 20–30% along both
the major and minor axes of the host galaxies. The authors
suggested that the enhanced covering fraction close to the
major axes is most likely due to the accreting gas coplanar
with the galaxy disks while the enhanced covering fraction
close to the minor axes is likely a signature of outflowing
material.
LLSs provide more robust tools for CGM studies as they
are detected via their H i absorption lines rather than metals.
This is important for the study of IGM gas accretion as such
a pristine gas even if missed in a search via metal absorption
lines would still likely to be detected via its H i absorption
lines. Recently, there have been a few studies demonstrat-
ing a bimodality in the metallicity distribution of LLS at
z . 1 (Lehner et al. 2013; Quiret et al. 2016; Wotta et al.
2016). It has been postulated that the low metallicity por-
tion of this bimodal distribution may be due to IGM gas
inflowing onto galaxies. Using cosmological hydrodynamic
simulations, Hafen et al. (2016) demonstrated that LLS at
z . 1 can be associated with cool gas inflows from the IGM
as well as galactic winds. However, the authors did not find
signatures of bimodality in the metallicity distribution of
LLS. While this result is in contrast with the observations,
it is worth noting that the discrepancy could be partly ex-
plained by the lack of low metallicity LLS in the simulations.
However, confirming this scenario has to await the detection
and detailed study of LLS host galaxy absorbers.
Galactic inflows and outflows can be traced more di-
rectly from the absorption spectra of the galaxies themselves
(e.g., Steidel et al. 2010; Rubin et al. 2012; Martin et al.
2012; Kacprzak et al. 2014). The metal absorption lines red-
shifted (blueshifted) with respect to the systemic velocity of
the galaxies can trace the inflowing (outflowing) gas in this
technique. Rubin et al. (2012) detected redshifted metal ab-
sorption lines to be associated with ∼ 6% of the galaxies in
their sample. They further found that the majority of such
galaxies are edge-on. Martin et al. (2012) reported a sim-
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ilar detection rate of ∼ 4% for redshifted absorption lines
although they found no obvious correlation with the incli-
nation of the galaxies in their sample. While this technique
is simple and straightforward, it suffers from the lack of in-
formation about the apparent position of the absorbing gas
and the low spectral resolution of such observations.
Integral field unit (IFU) observations of quasar-galaxy
pairs provide a powerful tool for probing the CGM.
Such IFU data, combined with high resolution spec-
tra of background quasars, make it possible to dis-
entangle the origin of the gas detected in absorp-
tion (e.g., Bouche´ et al. 2007b; Pe´roux et al. 2011, 2013;
Bouche´ et al. 2013; Schroetter et al. 2015; Pe´roux et al.
2017). Bouche´ et al. (2013) studied a quasar sightline hav-
ing a strong Mg ii absorption at z = 2.33 with the host
galaxy absorber at an impact parameter of 26 kpc. In a
detailed analysis of the host galaxy’s kinematics along with
quasar absorption line kinematics, the authors found sig-
natures of an extended cold gaseous disk consistent with
that predicted in“cold mode”accretion. Bouche´ et al. (2016)
and Pe´roux et al. (2017) reported further evidence of such
extended gaseous disks based on studies of quasar-galaxy
pairs at z . 1. Lymanα emission have been detected
from the cosmic web in the vicinity of bright quasars
(Weidinger et al. 2005; Cantalupo et al. 2014; Martin et al.
2015; Borisova et al. 2016; Arrigoni Battaia et al. 2016).
Possible signatures of inflowing gas from cosmic web have
been obtained using IFU observations of such objects (e.g.,
Martin et al. 2015, 2016).
With this work, we add to this picture by reporting ob-
servational evidence for another warped galaxy disk which
may be associated with cold-flow accretion. We present a
study of galaxies in the field of the quasar Q0152−020,
whose spectrum shows a LLS, using a combination of our
own VLT/MUSE IFU observations together with archival
Keck/HIRES and HST/FOS spectroscopy of the quasar and
HST/WFPC2 imaging of the field. The paper is organized
as follows. In Section (2) we describe all the available ob-
servations of this quasar field. In Section (3) we present the
analysis of the absorption line spectra. In Section (4) we
identify the absorbing galaxies from VLT/MUSE and study
their star formation rate, metallicity and morphokinematics.
We probe the origin of this absorption system in section (5)
and summarize the results in Section (6).
2 OBSERVATIONS OF THE FIELD OF
Q0152−020
Q0152−020 (or UM 675) is a bright quasar with a broad
band magnitude of V = 17.4 mag (Ve´ron-Cetty & Ve´ron
2010). In this section we review the spectroscopic and imag-
ing observations of this quasar field that are relevant to the
current study.
2.1 Quasar spectroscopy
Rao et al. (2006) observed this quasar using the Faint Ob-
ject Spectrograph (FOS) on Hubble Space Telescope (HST)
at a spectral resolution of FWHM ∼ 350 km s−1 to mea-
sure the N(H i) associated with the strong Mg ii absorber
at z ∼ 0.78. This HST/FOS spectrum covers a wavelength
range from 1600 A˚ to 3200 A˚ which includes Lyman-α ab-
sorption from the z = 0.38 system we consider in this paper.
We obtained the 1D reduced HST/FOS quasar spectrum
from MAST1 dataset.
Q0152−020 has also been observed using Keck/HIRES
(PI: Tytler, Program ID: U031Hb). This high spectral res-
olution data (R ≡ ∆λ/λ=48000) covers a wavelength range
from 3245 A˚ to 5995 A˚. We obtained the reduced normalized
Keck/HIRES data of this quasar from the Keck Observatory
Database of Ionized Absorbers towards quasars (KODIAQ:
O’Meara et al. 2015).
2.2 HST imaging
We also obtained the Hubble Space Telescope (HST)
WFPC2/F702W imaging of this quasar field (PI: Steidel,
Program ID: 6557) from the Hubble Legacy Archive 2
which provides enhanced HST products. This image has a
150” × 150” field of view with a 0.1” pixel scale where the
quasar has ∼ 30” offset with respect to the center of the
field. Using a few point sources in the field, we measure a
spatial resolution of FWHM = 0.2” for this image.
2.3 New MUSE observations
We have obtained IFU observations of the field of
Q0152−020 using VLT/MUSE under the ESO program
96.A-0303 (PI: Pe´roux). The observations were carried out
in service mode in seeing limited mode. The total of 100 min-
utes exposure time was achieved using two observing blocks
(OBs) each 50 minutes. The field was rotated by 90 degrees
between the two OBs to optimize the flat fielding. For details
of the observing strategy and data reduction steps, we refer
the reader to Pe´roux et al. (2017). In a nutshell, the data
are reduced with version v1.6 of the ESO MUSE pipeline
(Weilbacher 2015). We check that the flat-fields are the clos-
est possible to the science observations in terms of ambient
temperature to minimize spatial shifts. The raw science data
are then processed with scibasic and then scipost recipe is
run with the sky subtraction method “simple” on. During
this step, the wavelength calibration is corrected to a helio-
centric reference. The individual exposures are registered us-
ing the point sources in the field within the exp align recipe,
ensuring accurate relative astrometry. Finally, the individ-
ual exposures are combined into a single data cube using
the exp combine recipe. Following Pe´roux et al. (2017), the
removal of OH emission lines from the night sky is accom-
plished with an external routine. After selecting sky regions
in the field, we create“principal component analysis”compo-
nents from the spectra which are further applied to the sci-
ence data cube to remove sky line residuals (Husemann et al.
2016).
The resulting data cube covers emission lines from
[O ii]λλ3726, 3729 to Hα at z = 0.38. The spectral resolu-
tion is R=1770 at 4800 A˚ and R=3590 at 9300 A˚ resampled
to a spectral sampling of 1.25 A˚/pixel. The seeing of the
final combined data has a Gaussian full width at half maxi-
mum of 0.70 ± 0.02 arc second (≡ 3.5 ± 0.1 pixel) at 7000 A˚
1 https://mast.stsci.edu
2 http://hla.stsci.edu
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Table 1. Metal absorption line properties as extracted from
the Voigt profile modeling of the Keck/HIRES spectrum of the
quasar.
component (1) (2)
redshift 0.38296 0.38308
b(km s−1) 1.9 ± 0.4 3.8 ± 0.3
log[N(Mg i)/cm−2] < 10.9 11.3 ± 0.1
log[N(Mg ii)/cm−2] > 12.7 > 13.1
log[N(Fe ii)/cm−2] 12.5 ± 0.2 13.0 ± 0.1
total column density of Mg ii: log[N(Mg II)/cm−2 ] > 13.2
total column density of Fe ii: log[N(Fe II)/cm−2] = 13.1 ± 0.1
as measured using the quasar and two stars in the MUSE
field of view.
We check the wavelength solution using the known
wavelengths of the night-sky OH lines and found it to be
accurate within 20 km s−1. To test the accuracy of the flux
calibration of the MUSE data, we measure the broad band
AB magnitudes of 10 isolated objects over the MUSE field
of view and compare them with those obtained from the
HST/WFPC2 image. To do so we convolve the extracted
1D spectra of these objects with the response function of
the F702W filter and integrate to obtain the broad band
magnitudes. We notice that the broad band fluxes of the
MUSE objects are inconsistent by ∼ 10% with respect to
those from HST/WFPC2. To be conservative we inflate our
statistical measured flux errors by 10% to include this pos-
sible systematic error from flux calibration.
3 QUASAR ABSORPTION LINE ANALYSIS
The Lyman-α absorption from this LLS at z = 0.38 corre-
sponds to an observed wavelength of ∼ 1680 A˚. Although
this is covered by the HST/FOS spectrum, it resides close
to the blue edge of the spectrum with a poor SNR. Given
the quality of this spectrum we infer an upper limit of
N(H i)< 6×1018 cm−2 associated with this LLS (private com-
munication, S. Rao).
Using the Keck/HIRES spectrum we measure the rest
frame equivalent width of the Mg iiλ2796 to be 0.17 ± 0.01
A˚. Mg ii absorbers at such EWs (EW. 0.3A˚) are consid-
ered as weak Mg ii absorbers and known to be associated
with optically thin gas at metallicities not less than 0.1 Z⊙
(Churchill et al. 1999).
Fig. 1 presents Mg ii, Fe ii and Mg i absorption profiles
where the continuous red lines show the best Voigt profile
models obtained using the vpfit3 v10.0 code. We have as-
sumed a given component to have the same redshift and
broadening parameter for all transitions. The absorption
profiles consist of two very narrow components with veloc-
ity broadening parameters b = 1.9 ± 0.4 km s−1 and 3.8± 0.3
km s−1. The two components have a velocity separation of
∆v = 26.0±0.3 km s−1. Mg i is not detected in the bluer com-
ponent where we measure a 3σ upper limit of log[N(Mg i)
cm−2] < 10.9.
From our best Voigt profile fit to the absorption lines
3 http://www.ast.cam.ac.uk/∼rfc/vpfit.html
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Figure 1. Normalized portions of the Keck/HIRES spectrum of
Q0152−020. The observed spectrum and best Voigt profile fits are
shown using histogram and continuous lines, respectively (note
the different y-scale in the case of Mg i). The zero velocity is
set at the redshift of the weaker metal absorption component at
z = 0.38296. The bluer Mg i component is consistent with a 3σ
upper limit of log [N(Mg i)/cm−2] < 10.9.
we infer that both components of the Mg ii doublets are
saturated. Such unresolved saturations can be inferred also
from the equivalent width ratio of the Mg ii doublet which is
1.11±0.02 and 1.07±0.01 for the first and second components,
respectively. This can be further appreciated by noting that
it is possible to obtain a reasonable Voigt profile fit to the
Mg ii absorption lines by having ∼ 10 times larger column
density for Mg ii. In the latter case the χ2 of the fit increases
only by 2%, with respect to our best model, which is negli-
gible. On the contrary, we find the column density of Fe ii
MNRAS 000, 1–18 (2015)
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Figure 2. left: The 1′ × 1′ white light image produced by collapsing the MUSE cube along the wavelength direction. The “a” to “f”
letters mark the sky position of the galaxies at a mean redshift of z = 0.3816, ordered by impact parameter, and the quasar resides in the
centre of the image as indicated by Q. We have indicated these galaxies with ellipses. Galaxy “e” is detected only in continuum with no
detectable emission line (see Fig. 3). right: The 1′ × 1′ HST/WFPC2 F702W image of the same field. As indicated by ellipses and with
the same names, all the 6 galaxies matching the absorption redshift are also detected in the HST image. North and East are towards up
and left, respectively. A projected distance of 100 kpc at the absorption redshift is indicated by a dashed circle in each panel.
✻
✛
N
E
Q Q
to be stable in either of the fits. Therefore, to be conserva-
tive, we quote the Mg ii column densities obtained from the
best Voigt profile fits as lower limits. Table 1 summarizes
the redshifts, broadening parameters and column densities
for the achieved Voigt profile fit.
Based on the upper limit on log[N(H i)/cm−2]<18.8 we
find a [Fe/H] (≡(Fe/H)-(Fe/H)⊙) > −1.2 which can be
considered as a lower limit of the metallicity ((Fe/H)⊙ =
−4.5, Asplund et al. 2009). Indeed, our measured N(H i) and
metallicity are also in agreement with the expected proper-
ties of weak Mg ii systems (Churchill et al. 1999; Rigby et al.
2002). Fe ii is frequently detected to be depleted into dust
in DLAs and sub-DLAs (Vladilo 1998; Ledoux et al. 2002;
Khare et al. 2004; Wolfe et al. 2005; Jenkins 2009). The dust
correction will increase the iron abundance and hence the
metallicity lower limit still holds even in the presence of Fe ii
depletion. In addition, it is known that, a certain fraction of
hydrogen and iron is in H ii and Fe iii phase at such H i col-
umn densities. However, the ionized fractions are expected to
be very close for H i and Fe ii to keep the [Fe ii/H i] ratio still
as a valid tracer of [Fe/H] (see Dessauges-Zavadsky et al.
2003, for example). We caution the reader that the lowest
column density studied by Dessauges-Zavadsky et al. (2003)
to probe the ionization effects in LLS is roughly two times
higher than the measured N(H i) upper limit for this ab-
sorber.
To study the absorption line kinematics we mea-
sure the quantity ∆v90 which is defined as the ve-
locity range over which the integrated optical depth
(τtot =
∫
+∞
−∞ τ(v) dv) reaches from 5% to 95% of its
total value (Prochaska & Wolfe 1997; Ledoux et al. 2006).
We measure the ∆v90 using the technique described in
Quiret et al. (2016) which uses the best fit Voigt profile
model instead of the observed spectrum. Integrating over
the noise and blend free Voigt profile obtained from a simul-
taneous fit of several absorption lines in this approach leads
to a more robust estimate of ∆v90. We obtain a ∆v90 = 30
km s−1 using Fe ii λ2344 line.
4 GALAXIES CLOSE TO THE ABSORPTION
REDSHIFT
Knowing the redshift of the Mg ii absorber at z = 0.38 we
looked for galaxies at ∆v . 600 km s−1 and b . 200 kpc
with respect to the absorber in the MUSE data cube. We
searched for such galaxies by inspecting the narrow-band
images created using the MUSE data cube centered at the
expected wavelengths of different nebular emission lines. As
the result we found 5 galaxies close to the absorption redshift
each with several emission lines. The impact parameters of
these galaxies are in the range of 60 to 205 kpc. Moreover, all
these galaxies are blueshifted with respect to the absorbing
system at velocities from −78 to −590 km s−1.
Rahmani et al. (2016) have shown that the host galax-
ies of absorbing systems can be quenched galaxies with
no detectable emission line (see also Chen et al. 2010;
Bielby et al. 2017). These galaxies are not detected in a
search using narrow-band images centered around the ex-
pected wavelengths of the emission lines. To search for such
MNRAS 000, 1–18 (2015)
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Figure 3. Extracted 1D MUSE spectra of the galaxies at z = 0.38 in an order of increasing impact parameter. The 6”× 6” HST/WFPC2
F702W and Hα MUSE narrow band post stamp images of each galaxy are also shown on the top right of each panel. In the top left
of each panel the impact parameter and velocity offset with respect to the absorber are given. The emission line at λ ∼ 9090 A˚ seen in
galaxy “e” is the [O ii] λλ3726,3729 doublet from a galaxy at z = 1.44.
CaII H&K
❄❄
objects we created a white light image from the MUSE data
cube and execute sextractor (Bertin & Arnouts 1996) to
find all objects with continuum emission. In the spectra of
galaxies brighter than mr ∼ 23 mag and with no emission
lines that are only detected in continuum we then looked
for absorption diagnostics (Ca ii H&K and 4000 A˚ break, in
particular) at z ∼ 0.38. As a result of this search, we found
a quenched galaxy as the 6th member of this group at an
impact parameter of b = 172 kpc. By modeling Ca ii H&K
absorption lines we find z = 0.38135 ± 0.00014 that shows
this galaxy is blueshifted with respect to the absorber at
v = −119 km s−1. We label these galaxies as objects “a” thru
“f” based on increasing impact parameters.
In the left panel of Fig. 2 we indicate these galaxies with
ellipses overlaid on the white light image generated from the
MUSE data cube. The quasar is marked with a “Q” at the
MNRAS 000, 1–18 (2015)
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center of the field of view. In the right panel of Fig. 2 we
present the HST/WFPC2 image of the same field of view.
As can be inferred from HST/WFPC2 image all these six
galaxies are detected in continuum.
To extract the spectrum of each galaxy from the MUSE
cube we made use of the MUSE Python Data Analysis
Framework (mpdaf v2.0). This tool is a Python based pack-
age, developed by the MUSE Consortium 4, for manipulat-
ing the MUSE data cubes. We extracted the 1D spectrum
of each object through the following steps: (1) generating a
subcube where the object of interest was placed in its center;
(2) generating a 2D white light image by integrating the flux
density at each pixel; (3) finding pixels associated with this
object and those with the background using sextractor;
(4) extracting the 1D spectrum of the object by integrat-
ing the flux of the pixels associated to this object in each
wavelength plane.
We find the flux of each emission line by model-
ing its profile with a Gaussian. We notice that modeling
[O ii] λλ3726,3729 emission usually requires a double Gaus-
sian, although the doublet is only marginally resolved by the
MUSE spectral resolution. For any of the non-detected emis-
sion lines we find the flux upper limit based on the flux rms
at the expected wavelength with a spectral FWHM = 2.5 A˚.
Fig. 3 presents the spectra of these 6 galaxies in the ob-
served frame. We have marked the wavelengths of the strong
nebular emission lines and Ca ii H&K absorption lines in
the first panel. The 6” × 6” size narrow band Hα map and
HST/WFPC2 image of the same galaxy are shown in each
panel. The spectrum of galaxy “a” presents strong Balmer
absorption lines that trace a population of young and inter-
mediate age stars. Galaxies “b”and“c”have fainter continua
compared to galaxy “a”. Galaxy “d” presents the broadest
emission lines amongst these galaxies with a FWHM = 257
km s−1 but marginally detected in [O iii] λ5007. Strong ab-
sorption features of Ca ii H&K lines along with Balmer lines
and Mgb triplet lines are detected in the spectrum of galaxy
“e”; these spectral features are typical of passive galaxies.
It is worth noting that our flux upper limit for galaxy
“e” translates to an upper limit on the Hα luminosity of
< 0.4×1040 ergs s−1. This value is of the order of (or smaller
than) the Hα luminosity of the Small Magellanic Cloud
and an order of magnitude smaller than the Hα luminos-
ity of the Large Magellanic Cloud (Kennicutt et al. 2008).
We also detect an emission line at λ ∼ 9090 A˚ in the spec-
trum of galaxy “e”. However, the emission profile appears
like a doublet where the wavelength separation matches a
[O ii] λλ3726,3729 emission from a galaxy at z = 1.44. Galaxy
“f” is marginally covered in the MUSE data and we detect
multiple emission lines from this galaxy but a very faint
continuum.
We report the mean redshift obtained from all the de-
tected emission lines as the redshift of each galaxy in Table
2. For the case of galaxy “e”, with no detected emission line,
we use the Ca ii absorption lines to estimate the redshift.
The total fluxes of different emission lines are also collected
in Table 2.
We use the luminosity function of Hα emitters at z =
0.40 (Ly et al. 2007) to calculate the comoving number den-
4 http://mpdaf.readthedocs.io/en/stable/credits.html
sity of Hα emitters ngal. If we integrate from our detection
limit of 0.4 × 1040 ergs s−1 we find ngal  0.025 Mpc−3. We
then calculate the volume corresponding to the field of view
of MUSE and the maximum velocity separation between two
of the galaxies in the group (512 km s−1 between galaxies
“a” and “b”) to be 1.6 Mpc3. Therefore, the expected num-
ber of Hα emitters is 0.04. This is 125 times smaller than
the number of detected Hα emitters which is a sign of an
overdensity of galaxies. We caution the reader that for accu-
rately quantifying the overdensity one needs to integrate the
galaxy correlation function over the volume defined by this
group of galaxies. However, as this is beyond the scope of
this work and also will not impact our conclusions we do not
carry such an analysis. We use the gapper estimator (e.g.,
Yang et al. 2005) to obtain the velocity dispersion of these
galaxies, σv = 192 km s
−1.
In the rest of this section we present extracted prop-
erties of these galaxies based on MUSE and HST/WFPC2
data. We note that galaxy “b” at ∆v = −590 km s−1 may not
be related to the absorption system due to a large veloc-
ity separation. However, as this galaxy belongs to the same
overdensity of galaxies we present its properties along with
those of other galaxies for completeness.
4.1 Extinction correction
Accurate Hα and Hβ flux measurements from each of these
galaxies allow us to have precise estimates of their intrinsic
dust attenuations. For a case B recombination at a temper-
ature of T = 104 K and an electron density of ne = 10
2–104
cm−3, which is typical for H ii regions, the intrinsic value
of the Balmer decrement is 2.88 (Osterbrock 1989). To esti-
mate the color excess we adopt a Small Magellanic Cloud-
type (SMC-type) extinction law and utilize the following
parametrization
E(B − V) = 1.086
k(Hβ) − k(Hα) log
(
Hα
2.88Hβ
)
(1)
where k(Hα) and k(Hβ) are respectively the extinction curve
values at λ = 6564 A˚ and 4862 A˚ taken from Pei (1992).
Based on the estimated values of E(B − V) and extinction
curves we correct the fluxes of all the emission lines for the
intrinsic dust reddening. Table 3 presents the E(B − V) and
dust corrected fluxes of all the emission lines.
4.2 Star formation rates
We convert the total Hα extinction corrected fluxes of the
galaxies to SFR assuming a Kennicutt (1998) conversion cor-
rected to a Chabrier (2003) initial mass function. Our SFR
measurements are presented in Table 4. The SFR of these
galaxies are in the range of 0.06 – 1.27 M⊙ yr−1 with a typical
error of 0.01 M⊙ yr−1 (1σ). Furthermore, we use the upper
limit on the Hα flux of galaxy “e” to find a SFR < 0.02 M⊙
yr−1 (1σ). We recall that we have not fully covered galaxy
“f” in our MUSE data and hence the measured SFR is a
lower limit.
In converting the Hα to SFR we have assumed that the
H ii region is ionized by the Lyman limit photons from the
young stellar objects and there is no contribution from active
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Figure 4. BPT diagram (Baldwin et al. 1981). Black data points
are the position of emitters in the SDSS DR8 (Aihara et al. 2011)
where the emission line parameters were obtained from the MPA-
JHU compilation (Kauffmann et al. 2003a; Brinchmann et al.
2004; Tremonti et al. 2004). The dashed lines mark the board-
ers between star forming galaxies and AGN (Kewley et al. 2001;
Kauffmann et al. 2003b). Red circles indicate the positions of the
five emission line galaxies considered in this paper; all of them
reside in the star forming region of the BPT diagram.
galactic nuclei (AGNs). We investigate the possible contri-
bution of AGN to the fluxes of the emission lines by utiliz-
ing the BPT diagram (Baldwin, Phillips & Terlevich 1981).
Fig. 4 presents the BPT diagram where the abscissa and
ordinate are respectively flux ratios of [O iii]λ5007/Hβ and
[N ii]λ6853/Hα. Dashed lines, obtained from a combination
of theoretical calculations and using galaxies contained in
the Sloan Digital Sky Survey Data Release 1 (Kewley et al.
2001; Kauffmann et al. 2003b), broadly define the separa-
tion between emission lines originating from star forming re-
gions and AGN activity. A mixed nature of ionizing spectra
is expected from objects occupying the region in between the
two dashed lines. The 5 galaxies with detected emission lines
are shown in the BPT diagram using filled circles. The black
dots present the positions of galaxies and AGNs in SDSS
DR8 (Aihara et al. 2011) where the line measurements were
obtained from a MPA-JHU5 run (Kauffmann et al. 2003a;
Brinchmann et al. 2004; Tremonti et al. 2004). Clearly our
5 galaxies reside in the star forming region of the BPT dia-
gram. Hence, systematic errors in the measured SFRs intro-
duced by AGN contamination are thought to be negligible.
4.3 Metallicity of the ionized gas
In this section we measure the oxygen abundance (O/H)
of the H ii regions associated with these galaxies. We fur-
ther take the oxygen abundance as an indication of the
total metallicity of the ionized gas; hence we refer it to
emission metallicity (Zem =(O/H)-(O/H)⊙) whenever stated
with respect to solar abundance (12+log(O/H)⊙=8.69,
Asplund et al. 2009).
5 http://wwwmpa.mpa-garching.mpg.de/SDSS/
Figure 5. The 2D map of the emission metallicity for galaxy
“a” and “b”, respectively. Contours are drawn for iso-metallicity
curves with 12+[O/H] = 8.53, 8.61 for galaxy “a” and 12+[O/H] =
8.53, 8.59 for galaxy “b”. The arrow indicates the direction to-
wards the quasar. The cross sign indicates the galactic center
as determined from the stellar continuum light distribution. The
mismatch between the metallicity peak and the center of galaxy
“b” is probably due to the low detection significance of [NII]6583.
4.3.1 Emission metallicity measurement
We obtain the O/H of the ionized gas using the flux ra-
tios of different nebular emission lines based on N2, O3N2
and R23 indexes (Pagel et al. 1979; Pettini & Pagel 2004;
Kobulnicky et al. 1999). We have detected the [N ii] λ6583
emission line for all the emitters in this group but for
galaxy “f”. In practice, we first derive the O/H of these
galaxies using N2 and O3N2 based on a calibration given
by Pettini & Pagel (2004). We further find the upper and
lower branch values of O/H based on R23 as calibrated by
Kobulnicky et al. (1999). Four different measurements of the
O/H are summarized in the seventh column of Table 4. Out
of the two R23 measures we rule out the branch that is in-
consistent with those obtained from N2 and O3N2. We re-
port the O/H and its 1σ error as the mean of the remaining
three measurements and their standard deviation, respec-
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Table 2. Measured fluxes of nebular emission lines for galaxies in unit of 10−17 ergs s−1 cm−2.
ID redshift1 [O ii] Hβ [O iii] λ4958 [O iii] λ5007 [N ii]λ6583 Hα
a 0.38260 ± 0.00006 14.2 ± 0.6 4.2 ± 0.3 1.5 ± 0.2 6.2 ± 0.3 5.4 ± 0.4 20.3 ± 0.4
b 0.38024 ± 0.00003 4.6 ± 0.4 1.5 ± 0.1 0.6 ± 0.1 1.8 ± 0.2 1.2 ± 0.1 5.7 ± 0.2
c 0.38146 ± 0.00005 4.3 ± 0.6 0.8 ± 0.1 0.4 ± 0.1 1.4 ± 0.1 0.6 ± 0.1 3.3 ± 0.2
d 0.38140 ± 0.00024 1.7 ± 0.5 1.0 ± 0.1 < 0.2 0.3 ± 0.2 1.7 ± 0.2 5.1 ± 0.2
e 0.38135 ± 0.00014 < 0.7 < 0.3 < 0.4 < 0.8 < 1.1 < 0.8
f2 0.38241 ± 0.00004 1.0 ± 0.2 0.5 ± 0.1 0.3 ± 0.1 1.2 ± 0.1 < 0.4 1.8 ± 0.2
1 Redshifts are reported as the mean redshift of all detected emission lines with the exception of galaxy “e” where we measure the
redshift from Ca ii H&K absorption lines.
2 This object is only partially covered by the MUSE field. Hence all measured fluxes should be considered as lower limits. The quoted
errors are purely statistical.
Table 3. Reddening corrected fluxes of nebular emission lines ( in unit of 10−17 ergs s−1 cm−2) based on the E(B−V) values reported in
the last column.
ID [O ii] Hβ [O iii] λ4958 [O iii] λ5007 [N ii] λ6583 Hα E(B−V)1
a 109.6 ± 4.0 18.9 ± 1.5 6.5 ± 1.0 26.3 ± 1.2 14.6 ± 1.1 54.6 ± 1.3 0.49 ± 0.07
b 16.7 ± 1.5 3.7 ± 0.3 1.5 ± 0.3 4.6 ± 0.4 2.2 ± 0.2 10.7 ± 0.3 0.31 ± 0.07
c 19.0 ± 2.8 2.4 ± 0.3 1.2 ± 0.3 4.0 ± 0.4 1.3 ± 0.3 6.8 ± 0.4 0.36 ± 0.12
d 16.6 ± 4.6 5.4 ± 0.6 < 1.2 1.3 ± 0.9 5.1 ± 0.7 15.5 ± 0.7 0.54 ± 0.10
f 2.3 ± 0.5 0.9 ± 0.2 0.6 ± 0.2 2.1 ± 0.2 < 0.6 2.6 ± 0.2 0.19 ± 0.17
1The reddening is in unit of mag.
Table 4. Estimated physical parameters of the galaxies. The absorption metallicity of Zabs & −1.2 translates to 12+(O/H)abs & 7.5.
ID RA DEC ∆v1 impact SFR 12+log(O/H) 12+log(O/H) MHST
J2000 J2000 [km s−1] parameter (”/kpc) [M⊙ yr−1] N2,O3N2,up,low mag
a 01:52:27.7 −20:00:40.8 −78 11.5” / 60 1.27 ± 0.03 8.57,8.47,8.40,8.19 8.48 ± 0.09 −19.95
b 01:52:27.3 −20:00:51.0 −590 15.4” / 80 0.24 ± 0.01 8.51,8.44,8.54,8.03 8.50 ± 0.07 −18.53
c 01:52:26.8 −20:00:51.2 −325 16.5” / 86 0.16 ± 0.01 8.48,8.39,8.16,8.44 8.44 ± 0.06 −18.66
d 01:52:27.0 −20:01:34.4 −338 23.7” / 123 0.36 ± 0.02 8.63,8.68,8.78,7.66 8.70 ± 0.08 −19.61
e 01:52:28.3 −20:01:35.2 −350 33.1” / 172 < 0.02 – – −20.40
f 01:52:25.1 −20:01:31.4 −316 39.4” / 205 0.06 ± 0.01 <8.52,<8.37,8.66,7.94 7.94 ± 0.13 −17.88
Note. The columns of the table are: (1) galaxy ID; (2,3) the sky position; (3) the velocity shift with respect to the LLS; (4) the impact
parameter; (5) dust corrected SFR; (6) O/H estimates from different calibrations; (7) O/H obtained as described in Section 4.3; (8)
total absolute magnitude based on HST/WFPC2 F702W filter.
1
∆v is calculated with respect to the bluest absorption component at z = 0.38296 (Table 1).
tively. We present the final values of the O/H in the last
column of Table 4.
It is worth noting that our three different measurements
of O/H are based on a similar set of emission line fluxes.
Hence, they are not statistically independent parameters.
Therefore, their measured standard deviations reflect the al-
lowed range for O/H via systematic uncertainties introduced
by different calibrations rather than being statistical errors.
Emission metallicities of galaxies “a”, “b” and “c” are
consistent with each other within 1σ and correspond to Z
≃ 0.6Z⊙. The largest metallicity in this group belongs to
galaxy “d” that has a solar metallicity. Interestingly, galaxy
“d” has also the highest amount of intrinsic dust reddening
amongst the galaxies in this group. Galaxy“f”has a metallic-
ity of Z ≃ 0.2Z⊙ which is the smallest measured metallicity
in this group.
4.3.2 Metallicity gradient
Galaxies “a” and “b” show several extended emission lines
over scales of & 1”. This allows us to construct 2D maps for
the oxygen abundance (or Zem) for these galaxies. To obtain
such maps we first smooth the emission lines by a Gaussian
filter of σ = 1 pixel and follow the same procedure as the
one we used to obtain the integrated oxygen abundance.
Fig. 5 presents the O/H maps for galaxies “a”
and “b”. The contours present iso-metallicity curves for
12+[O/H]=8.53,8.61 and 8.53,8.59 for galaxy “a” and “b”,
respectively. The cross sign marks the center of the galaxy
as determined from the stellar continuum. As can be seen
from Fig. 5, in galaxy “a” the maximum value of O/H is co-
incident with the centre of the galaxy. We also find shallow
gradients along both the major and minor axes of the galaxy.
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Figure 6. The 1D profile of the oxygen abundance for galaxy “a”
where the abundances are averaged along an axis that connects
the centre of galaxy “a” to the quasar. For the top x-axis we
have assumed a half light radius of R1/2 = 5.4 kpc which is based
on the morphokinematic model of Hα emission line (see Table
5). The best linear fit, shown as a solid line, results in an O/H
gradient (or equivalently a metallicity gradient) of −0.012 ± 0.003
dex kpc−1. The true metallicity gradient for this galaxy is a factor
of two larger which is −0.024 ± 0.006 dex kpc−1 (see section 4.3.2
for more details).
However, in the case of galaxy “b”, there isn’t a symmetri-
cal distribution of O/H and there seems to be a small offset
(≃ 0.4” ≡ 2 kpc) between the centre of the stellar continuum
and the location of the highest oxygen abundance. This is
partly due to the weaker [N ii]λ6583 flux compared to the
other emission lines. Such features do not exist in the O/H
map obtained based on R23 for galaxy “b”. Therefore, we
restrict the study of the metallicity distribution to galaxy
“a”.
We further extract the 1D profile of O/H for galaxy “a”
along the axis that connects the centre of galaxy “a” to the
quasar at b = 60 kpc. To obtain this profile we average the
oxygen abundances of the spaxels along the direction per-
pendicular to this axis. In the case of a symmetric metallic-
ity profile this averaging leads to twice shallower abundance
profile because of dilution of the higher metallicity regions
closer to the centre with the low metallicity regions at the
edges. To take this effect into account we will inflate the esti-
mated abundance gradient by the same factor. We consider
the galaxy centre as the origin and average the profiles from
either side of it to obtain the final profile. Fig. 6 presents the
1D oxygen abundance profile of galaxy “a” as measured to-
wards the quasar. The filled circles and bars indicate the
data points and the measured standard deviation errors.
Also, the best fitted line is shown using a solid line. The
slope of this line translates to an O/H gradient (or equiv-
alently a metallicity gradient) of −0.012 ± 0.003 dex kpc−1.
Therefore, the true gradient is −0.024 ± 0.006 dex kpc−1.
The metallicity gradient of −0.024 ± 0.006 dex kpc−1
for galaxy “a” is consistent with that obtained for the host
galaxy of the sub-DLA studied by Pe´roux et al. (2017). This
is also in excellent agreement with the DLA sample study
of Christensen et al. (2014) who found −0.022 ± 0.004 dex
kpc−1 in a study of 12 confirmed DLA galaxies. Further-
more, this slope is consistent with the average metallicity
difference in emission and absorption phases reported by
Rahmani et al. (2016) for DLA-galaxies. This suggests that
neutral gas abundances are good tracers for the metallicity
of galaxies (see also Pe´roux et al. 2014; Christensen et al.
2014). Furthermore, the value we deduce here is also consis-
tent with the average value of metallicity gradients for the
high luminosity sub-sample of spiral galaxies in the local
Universe which is −0.026± 0.006 dex kpc−1 (Ho et al. 2015).
The distribution of metals has proven to be fun-
damental in understanding the role of interaction,
mergers and feedback in galaxy formation and evo-
lution (Cescutti et al. 2007; Di Matteo et al. 2009;
Kewley et al. 2010; Rupke et al. 2010; Pilkington et al.
2012; Gibson et al. 2013; Barrera-Ballesteros et al. 2015;
Leethochawalit et al. 2016). Sa´nchez et al. (2014) found
a slope of −0.1 dex/re for a subsample of galaxies in the
CALIFA survey without clear evidence of interaction.
Assuming an effective radius of re = 5.4 kpc (obtained from
our morphokinematic study of galaxy “a” in Section 4.5) we
obtain a metallicity gradient of −0.13 ± 0.03 dex/re which
is in agreement with the subsample of the CALIFA survey
without interactions. Therefore, galaxy “a” likely has not
interacted much with other galaxies at similar redshifts.
4.3.3 Emission metallicity vs. absorption metallicity
Having measured the metallicity gradient we are able to pre-
dict the emission metallicity at the sky position of the quasar
and compare it with the absorption metallicity. However, be-
fore performing such a comparison, it is worth noting that
the two estimates are related to two different phases of the
gas in galaxies that may have gone through different enrich-
ment histories. On the one hand, the cold neutral gas seen
in absorption is the fossil record of the star formation his-
tory of a galaxy and may contain the bulk of the metals (∼
90–95%) in star-forming galaxies. On the other hand, H ii
regions might be self-polluted with the recently produced
metals (Kunth & Sargent 1986). Aloisi et al. (2003) studied
a blue compact dwarf galaxy, I Zw 18, and reported up to 1
dex lower metallicity in absorption compared to emission for
the α-elements (O, Ar and Si) and N but a consistent one for
Fe. Such a difference can be attributed to the enrichment of
the H ii regions in α-elements by the more recent star forma-
tion. In a more detailed analysis, Lebouteiller et al. (2006)
found a consistent abundance from emission and absorp-
tion for Fe, P and Ar. Bowen et al. (2005) analyzed the ab-
sorption lines associated with the DLA-galaxy towards the
quasar HS 1543+5921 and also the emission lines from the
H ii regions of the host DLA-galaxy SBS 1543+593. In this
case a consistent metallicity is obtained over a separation
of ∼ 3 kpc (see also Schulte-Ladbeck et al. 2005). Therefore,
the metallicity estimate based on H ii regions can be a good
estimate for the ISM metallicity.
By extrapolating the metallicity gradient of −0.024 ±
0.006 dex kpc−1 to the sky position of the quasar at b = 60
kpc we find a metallicity of Zem(b = 60 kpc) = −1.5 ± 0.4
which is in agreement with the limit we obtained on the ab-
sorption metallicity Zabs & −1.2. It has been demonstrated
that the metallicity distribution of galaxies in the local Uni-
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verse exhibits shallower slope at radii larger that R1/2 (e.g.
Sa´nchez et al. 2014). If that also holds for galaxy “a” we
would have extrapolated to a higher metallicity at the po-
sition of the quasar which is still not inconsistent with the
absorption metallicity. We remind the reader that we have
obtained the absorption and emission metallicities using two
different elements of iron and oxygen, respectively. The ra-
tio O/Fe can be quite different from solar in low metallicity
galaxies. Such an effect may be negligible for galaxy “a” that
has a high metallicity of Zem = 0.6 Z⊙ .
4.4 Morphology of galaxies
To study the morphology of the galaxies we carry out
a similar analysis as Kacprzak et al. (2007) using the
HST/WFPC2 image of this field. In summary, we first fit
a two component (bulge+disk) model to the light profiles
of these galaxies using the gim2d software (Simard et al.
2002). We assume a de Vaucouleurs profile and an expo-
nential profile for the bulge and the disk of the galaxies,
respectively. All the 6 members of this galaxy group are
well modeled with these standard surface brightness profiles
without significant residuals. Evidently, the light profiles of
these galaxies do not exhibit disturbed morphologies. We
further check this hypothesis by quantifying the asymmetric
measure of these galaxies. We use the nonparametric C-A
method of Abraham et al. (1994) which is directly calcu-
lated based on the data without modeling them. In particu-
lar we are interested in the parameter A defined as:
A =
∑
ij (1/2)
Iij − I180ij
∑
ij Iij
−
∑
ij (1/2)
Bij − B180ij
∑
ij Iij
(2)
where Iij and I
180
ij
are both counts at the pixel i j of the
galaxy where the former is for the original image and the
latter for 180 degree rotated one. Bij are counts that are
randomly selected from the background. The A values for
all these galaxies are smaller than 0.1 with the exception
of galaxy “c” which has A = 0.14. Such values of A are
consistent with the average population of normal galaxies
(Pawlik et al. 2016) though galaxy “c” has a higher value
consistent with the average value from host galaxies of Mg ii
absorbers (e.g. Kacprzak et al. 2007). In summary we do not
find signatures of perturbed morphology in this galaxy group
which may reflect the lack of recent strong gravitational in-
teractions between the group members.
4.5 Morphokinematics of galaxies
To study the kinematics of the galaxies we use two differ-
ent tools that are complementary to each other. At first we
use the camel (Epinat et al. 2009) code to obtain the map
of different emission lines. camel is a Python-based code
that models several emission lines simultaneously in a 3D
data cube. We use camel in a tied mode where all emis-
sion lines have the same redshift and line dispersion. Hence,
velocity and dispersion maps are obtained for each galaxy.
Secondly, we make use of galpak (Bouche´ et al. 2015) to
study the morphokinematic properties of the galaxies (e.g.
Pe´roux et al. 2012; Bouche´ et al. 2013; Schroetter et al.
2015; Bouche´ et al. 2016; Pe´roux et al. 2016). galpak is a
Python-based tool that uses a Monte Carlo Markov Chain
(MCMC) algorithm to simultaneously model the flux and
velocity distribution of an emission line including 10 free
parameters (sky position, flux, half-light radius, inclination,
position angle, turnover radius, maximum velocity and ve-
locity dispersion). In order to obtain a robust sample of
the posterior probability we allow a 15000-long MCMC. We
also check the convergence of the MCMC chain and inspect
the possible correlation between each pair of parameters in
their 2D distributions. Furthermore, we compare the best
obtained model from galpak with that from camel to check
if they are consistent.
To have reliable parameter measurements from galpak
two conditions need to be satisfied for a given emission line:
(1) a minimum of 3σ detection of the brightest spaxel; (2)
a half light radius that satisfies r1/2/FWHM > 0.75. The
latter translates to r1/2 > 0.53” (≡ 2.6 pixel) that converts
to 2.8 kpc at z = 0.38. Galaxy “a” is the only one satisfying
these two conditions simultaneously. Therefore, we use the
galpak results to estimate the morphokinematics of this
galaxy. Table 5 summarizes the extracted morphokinematic
parameters for galaxy “a”.
The best morphokinematic model obtained for galaxy
“a” is presented in Fig. 7. We do not find any significant fea-
ture in the residual map which means an exponential light
profile with an arctan rotation curve provides a good descrip-
tion for the morphokinematic of this galaxy. For a consis-
tency check we also extracted the best galpak morphokine-
matic parameters of this galaxy using the [O iii]λ5007 emis-
sion line and find it to be in agreement with those obtained
from Hα.
Galaxy “a” is a highly inclined galaxy with i = 79° and
rotates with a maximum rotation velocity of 148± 2 km s−1.
It is interesting that we find i = 76° and r1/2 = 7.0 kpc for
galaxy “a” based on GIM2D fit to the HST/WFPC2 image
which is consistent with what we find from emission lines
in MUSE. The velocity dispersion peaks close to the centre
of the galaxy which is typical for large rotating disks. From
the best obtained half light radius (r1/2 = 5.4 ± 0.1 kpc) and
the maximum rotation speed (Vmax = 148 ± 2 km s−1) we
estimate the enclosed mass within r1/2 using the following
equation:
Mdyn(r < r1/2) = r1/2V2max/G (3)
to be 2.8 ± 0.1 × 1010 M⊙ . Assuming a spherical virialized
collapse model (Mo et al. 1998):
Mh = 0.1H(z)−1G−1V3max (4)
where H(z) = H0 2
√
ΩΛ +Ωm(1 + z)3, we also find the halo
mass of this galaxy to be Mh = 8.9 ± 0.1 × 1011 M⊙ . Such a
halo mass translates to a virial radius of 174 kpc.
We measure the total stellar mass of this galaxy using
the existence of a tight correlation between the maximum
rotation velocity and the stellar mass, known as the stellar-
mass Tully-Fisher relation (Tully & Fisher 1977). Based on
the relation obtained for a sample of galaxies at < z >∼ 0.6
(Puech et al. 2008) and Vmax = 148 km s
−1, obtained from
the morphokinematic analysis using galpak, we calculate
the M⋆ = 1.5 ± 0.6 × 1010 M⊙ . Therefore, the stellar-mass to
dark matter fraction for this halo is 1.7±0.5×10−2 . This is in
agreement with the stellar to dark matter fraction obtained
using the technique of “abundance matching”which is ∼ 0.02
(e.g., Behroozi et al. 2010).
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Table 5. Morphokinematic parameters of the galaxy “a” obtained from 3D analysis of the Hα1 emission line using galpak.
Galaxy r1/2 sin i position angle azimuthal angle Vmax Mdyn Mh Rvir M⋆
[kpc] [degree] [degree] [km s−1] [1010M⊙] [1011M⊙] [kpc] [1010M⊙]
a 5.4 ± 0.1 0.98 ± 0.01 142 ± 1 10 ± 1 148 ± 2 2.8 ± 0.1 8.9 ± 0.1 174 1.5 ± 0.6
Note. The columns of the table are: (1) galaxy ID; (2) half light radius; (3) sin of inclination angle; (4) position angle; (5) azimuthal
angle; (6) maximum rotation velocity; (7) dynamical mas; (8) halo mass; (9) virial radius; (10) total stellar mass.
1 We obtain a consistent set of parameters based on the [O iii] λ5007 emission line in this galaxy using galpak.
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Figure 7. Observed and modeled morphokinematic properties of galaxy “a”. (a,b): Hα flux map and the best obtained model based
on galpak. The red arrow above the galaxy indicates the direction towards the quasar. The orientation of the maps is noted in the
bottom left of the panel (a). Both axes are in arcsec units. The maps present a very smooth disk like distribution of Hα emission without
noticeable distortions. (c,d): Observed and modeled rotation velocity of galaxy “a”. The modeled velocity has a maximum rotation velocity
of Vmax = 148 ± 2 km s−1 that translates to Mdyn = 2.8 ± 0.1 × 1010 M⊙ and Mh = 1.2 ± 0.1 × 1012 M⊙ (See section 4.5 and eq. 3 and 4 for
the derivation of these quantities). (e): Observed velocity dispersion that peaks close to the center of the galaxy. (f): The flux residual
obtained by subtraction of the best Hα model from observed data. The parameters obtained from the model are summarized in Table 5.
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We make use of camel to model the emission lines of
the rest of the emitting galaxies in this galaxy group. In this
modeling we assume all the emission lines from a pixel be-
longing to a galaxy to have the same redshift and line width.
Such an assumption leads to a more robust estimate of the
modeled parameters. Fig. A1 presents the [O ii] λλ3726,3729,
[O iii]λ5007 and Hα emission maps of these galaxies along
with their velocity maps. For galaxy “f” which is only par-
tially covered by the MUSE field of view we have indicated
the border of the field using a dashed line in the bottom left
panel. Typical disk velocity maps can be seen for all these
galaxies. Galaxies “b”and“c”have maximum rotation veloc-
ities of ∼ 70 km s−1. This means their dynamical masses are
at least ∼ 4 times smaller than galaxy “a”. Galaxy “d” has a
maximum rotation velocity of ∼ 240 km s−1 which is ∼ 1.6
times larger than that of galaxy “a”. Hence, galaxy “d” has
the highest dynamical and halo mass amongst the galaxies
in this group.
5 THE PHYSICAL NATURE OF THE
ABSORBING GAS
In this section we put together all the available observations
of this quasar field to discover the nature of the gas we see
in absorption at z = 0.38.
5.1 Gas associated with an overdensity
We have detected 6 galaxies in the MUSE field of view resid-
ing around the quasar sightline close to the absorption red-
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shift. These galaxies have impact parameters from 60 kpc to
205 kpc and velocity separations from −78 km s−1 to −590
km s−1 with respect to the absorption redshift. The dark
matter halos of some of these galaxies may overlap and lead
them to interact strongly. Such interactions can remove a
substantial amount of gas from galaxies to form the intra-
group medium (Thilker et al. 2004; Chynoweth et al. 2008;
Mihos et al. 2012; Hess et al. 2017). In this section we ex-
plore the hypothesis that the absorbing gas originates from
the tidal debris or from the gas left in between these galaxies.
We searched for possible signs of interaction between
these galaxies by analyzing their morphology extracted from
the high spatial resolution HST/WFPC2 image of the field.
As mentioned earlier, the light profile of all galaxies in the
group can be well modeled using symmetric profiles leav-
ing no significant residuals. We also inspect the distribution
of the gaseous component in these galaxies from their Hα
fluxes and rotation velocity maps as presented in Fig. 7 and
Fig. A1. The Hα flux and the rotation velocity in the case
of galaxy “a” are well modeled with symmetric profiles. Sim-
ilarly, we do not find any particular anomalies in the Hα
flux and velocity maps of the rest of the galaxies. Therefore,
we do not detect signatures of perturbed light distributions
neither in the stellar components nor in the H ii regions of
these galaxies. Altogether, this indicates these galaxies have
not been strongly interacting recently.
A 90% percentile for the velocity distribution of these
six galaxies translates to a velocity of 303 km s−1. This is
 10 times larger than the ∆v90 = 30 km s
−1 of the absorp-
tion lines. This indicates that the gas detected in absorption
is unlikely to be coupled to the gravitational potential of this
overdense region. Moreover, the cold gas absorbers are red-
shifted with respect to all galaxies in this overdensity (e.g.,
see Table 4). The absorption lines are redshifted at ∼ 300
km s−1 with respect to the mean velocity of the six galax-
ies. This is at odds with the expectation that gas associated
with this overdensity should appear at velocities within the
range covered by the galaxies (e.g., Kacprzak et al. 2010a).
In summary, these arguments favor a scenario in which the
absorbing gas is associated with the halo of one of the galax-
ies rather than being part of the material between these
galaxies.
Galaxy“a”has the smallest distance to the quasar sight-
line and also the smallest velocity separation with respect
to the absorption redshift. Hence, the absorption lines in
the z = 0.38 system are most likely associated with galaxy
“a”. We further confirm that the distance of this galaxy to
the quasar sightline along with the equivalent width of the
Mg ii λ2796 line are consistent with the empirical correlation
found between impact parameter and the equivalent width
for host galaxies of Mg ii systems (e.g., Chen et al. 2010;
Nielsen et al. 2013). Therefore, in the remainder of this dis-
cussion we assume the absorbing system is associated with
galaxy “a”.
5.2 Galactic disk
The gas we have detected in absorption can be kinemati-
cally associated with the disk of galaxy “a”. This picture is
motivated by the fact that the emission metallicity of galaxy
“a”, extrapolated to the position of the quasar, is consistent
with the absorption metallicity (see Section 4.3.3). However,
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Figure 8. top: The modeled velocity of galaxy “a” (as discussed
in Section 4.5) over an extended field including the quasar as in-
dicated by a filled circle with a size of seeing disk, FWHM = 0.7”
at the time of observation. The area covered by the circle spans a
velocity range of 102–106 km s−1. bottom: Mg ii absorption profile
where the zero velocity is set at the systemic redshift of galaxy
“a”. The histogram and red curves are the observed and modeled
profiles, respectively. The rotation velocity of galaxy “a” at the
position of the quasar is demonstrated with the gray shaded re-
gion. Therefore, the stronger absorption component is most likely
produced by the gas associated with the disk of this galaxy.
if this picture is correct one expects the gas to corotate with
the galactic disk as predicted from the rotation curve.
To test this hypothesis we need to know the line of sight
velocity of the disk at the position of the quasar, VQrot . We
extrapolate the modeled rotation curve (obtained in Section
4.5) to the position of the quasar to measure V
Q
rot . Fig. 8,
in the top panel, presents the rotation curve of galaxy “a”
over a larger field with a size of 20” × 20”. We note that the
only difference between the top panel of Fig. 8 and panel
“d” of Fig. 7 is the size of the field. The position of the
quasar, as marked with a filled circle with the size of the see-
ing disk, FWHM = 0.7”, corresponds to a velocity range of
V
Q
rot =102–106 km s
−1. Fig. 8, in the bottom panel, presents
the Mg ii λ2796 absorption profile for which the zero velocity
is set to the systemic redshift of galaxy “a”. The shaded re-
gion in gray, which indicates VQrot , matches very well with the
stronger absorption component. Therefore, this absorption
component most likely originates from the disk of galaxy“a”.
However, the well separated weaker absorption component
at v = 78 km s−1 can not be explained with the rotating disk
as predicted from the rotation curve.
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5.3 Outflow
The ejecta from galaxies supporting outflows are usually de-
tected to be close to the minor axis of starburst galaxies in
the local Universe where the outflow penetrates the CGM
perpendicular to the disk of the galaxy (Heckman et al.
2000; Lehnert & Heckman 1996; Beira˜o et al. 2015). Hence,
in quasar-galaxy pairs outflows are expected to be detected
at large azimuthal angles close to 90 degrees. The azimuthal
angle of the absorbing gas with respect to the major axis of
the galaxy “a” is 10° ± 1°. Hence, a biconical outflow from
this galaxy requires a very wide cone opening angle, as large
as ∼ 160°, to intercept the quasar sightline. Therefore, the
relative geometry of this quasar-galaxy pair does not fa-
vor an outflowing scenario. Furthermore, absorption profiles
produced by outflows usually have large equivalent widths
(e.g. Tripp et al. 2011; Lundgren et al. 2012; Muzahid et al.
2015). On the contrary, the metal absorption lines associated
with this system show two components that are very narrow
with a total equivalent width of 0.17 A˚ which is small.
Large scale galactic winds capable of producing Mg ii
absorbers over a wide range of opening angles and impact pa-
rameters have been detected to be associated with star form-
ing galaxies (Lundgren et al. 2012). From the morphokine-
matic analysis using galpak we obtained an effective radius
of 5.4±0.1 kpc for galaxy “a”. Using the integrated dust cor-
rected SFR of 1.27 ± 0.03 M⊙ yr−1 for this galaxy we cal-
culate a SFR surface density of ΣSFR = 0.014 ± 0.001 M⊙
yr−1 kpc−2. Such a ΣSFR is an order of magnitude smaller
than the threshold of ΣSFR & 0.1 M⊙ yr−1 kpc−2 (Heckman
2002; Bordoloi et al. 2014b) required for driving the large
scale galactic winds (see also Newman et al. 2012). In sum-
mary, the small azimuthal angle of the quasar-galaxy pair,
the small equivalent width of the absorption lines and the
very low ΣSFR of galaxy “a” do not support the picture in
which the absorbing system is associated with an outflow.
5.4 Recycled gas via galactic fountain
Simulations suggest that the contribution of wind recycling
to gas accretion onto galaxies increases with decreasing red-
shift (van de Voort et al. 2011). Christensen et al. (2016)
found that about half of the outflow mass across all galaxy
masses is later recycled back to the host galaxies over a typi-
cal timescale of ∼ 1 Gyr. Here we explore the possibility that
the absorbers may be associated with such recycled gas.
In the most straightforward fountain model the
supernova-heated ejecta travel into the halo in a radi-
ally outward trajectory up to a disk scale-height until
they become thermally unstable and cool (Bregman 1980;
Houck & Bregman 1990; Collins et al. 2002; Spitoni et al.
2008). In the absence of any external torque, such a gas cloud
will then fall back ballistically in a radially inward motion
to reach the disk somewhere close to its point of origin. Al-
though such a picture ignores the hydrodynamical nature of
the gas, it has been able to successfully reproduce the basic
features of galactic fountains (Fraternali & Binney 2006). In
order to have the gas bubble at a large impact parameter
(b = 60 kpc) these models require large kick velocities of
vkick & 250 km s
−1.
To test if this LLS is associated with a fountain phe-
nomenon we consider a supernova driven gas originating at
r / 5 kpc with a radial velocity of vout(=Vmax) = 148 km
s−1. The angular momentum conservation required for a bal-
listic motion implies that the rotational velocity of this gas
will decrease to / 12 km s−1 in its journey to b = 60 kpc.
This velocity is 6 and 8 times smaller than the velocities
of the two absorption line components. Therefore, the large
specific angular momentum of the absorbing gas at b = 60
kpc does not support such a ballistic fountain phenomenon.
In more realistic galactic fountain models the gas par-
ticles lose their angular momentum while interacting with
the hot gas in the galactic halo (Fraternali & Binney 2008;
Marinacci et al. 2010). This further enhances the discrep-
ancy between the model predictions and the observed high
specific angular momentum of the absorbing gas. Conversely,
some simulations predict that the recycled materials can be
accreted further out in the disk with 2–3 times more angular
momentum (Christensen et al. 2016). However, this is still
not enough to explain a factor of 6–8 discrepancy between
the observed specific angular momentum and that expected
from supernova driven ejecta.
5.5 Extended warped disk
H i 21-cm observations of galaxies in the local Universe have
shown that extended warped disks are commonly associated
with spiral galaxies (e.g., Briggs 1990; Garc´ıa-Ruiz et al.
2002; Heald et al. 2011). IGM cold-mode gas accretion
and interactions with nearby galaxies are considered as
two possible origins of the warps (Sancisi et al. 2008;
van der Kruit & Freeman 2011). As already discussed, we
do not find signatures of recent strong interactions between
galaxy “a” and others in this group of galaxies. Therefore,
we explore if this LLS is part of a warped disk originating
from IGM gas accretion.
In the “cold mode” accretion scenario the inflowing gas
from the IGM is expected to form an extended warped
gaseous disk, sometimes referred as “cold-flow disk”, around
the central galaxy (Kimm et al. 2011; Pichon et al. 2011;
Stewart et al. 2011a; Shen et al. 2013). Such an extended
disk is predicted to corotate with the central disk though
with a velocity offset of ∼ 50 − 100 km s−1 with respect to
the galaxy’s systemic velocity (Stewart et al. 2011b). A very
low azimuthal angle of the absorbing gas (φ = 10°) and a ve-
locity offset of 78 km s−1, for the bluer component, favor the
cold-flow disk scenario where the accreting material resides
in a coplanar geometry around the central galaxy.
Cosmological hydrodynamic simulations predict that
the inflowing gas through the cold mode accretion contains
2–3 times higher specific angular momentum compared to
that of the hosting dark matter halo (Stewart et al. 2013;
Danovich et al. 2015). The specific angular momentum, j,
of galactic halos is typically characterized by the dimension-
less spin parameter as:
λ ≡ jh√
2Vvir Rvir
(5)
where Vvir =
√
GMvir/Rvir is the virial velocity which
is defined as the circular velocity at the halo virial ra-
dius, Rvir . For the halo of galaxy “a” we have obtained
Mvir (≡ Mh) = 8.9 × 1011 M⊙ and Rvir = 174 kpc. The
spin parameter of dark matter halos is well constrained
in dark matter N-body simulations with a typical value
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of λ ≃ 0.04 for a wide range of dark matter pro-
files and halo masses (Fall & Efstathiou 1980; Mo et al.
1998; Bullock et al. 2001; Dutton & van den Bosch 2009;
Ishiyama et al. 2013; Zjupa & Springel 2017). Using Equa-
tion 5 we find the specific angular momentum of the
halo to be jh =
√
2λVvir Rvir which translates to jh ≃
0.06 Vvir Rvir = 1.5 Mpc km s
−1. The absorption line asso-
ciated with the “cold-flow” disk is detected at b = 60 kpc
(or 0.34 Rvir ) with a rotation velocity of ∆v = 78 km s
−1
(or 0.55Vvir ). We estimate the specific angular momen-
tum of the “cold-flow” disk, that is jc f = b × ∆v, to be
0.23 Rvir×0.55Vvir ≃ 0.18 Vvir Rvir = 4.7 Mpc km s−1. We
conclude that the cold-flow disk carries ∼ 3 times larger an-
gular momentum compared to the halo of the galaxy which
is in line with predictions of cosmological hydrodynamic
simulations (e.g., Stewart et al. 2013; Danovich et al. 2015;
Stewart et al. 2017). Therefore, this absorption component
may originate from a “cold-flow” disk.
5.6 High velocity clouds
High velocity clouds (HVC) in the Local Group of galax-
ies are detected to have similar N(H i) and metallicities as
this LLS (e.g., Lehner & Howk 2010; Lehner et al. 2012;
Richter et al. 2016). They are dominantly found within 15
kpc of their host galaxies which is 4 times smaller than the
impact parameter of this LLS. HVCs associated with tidal
streams of LMC and also those extending from M31 to M33
can be found up to larger distances of . 50 kpc. Given the
large impact parameter of b = 60 kpc and also the lack of in-
teractions between these galaxies we discard the scenario in
which this LLS originates from HVCs associated with galaxy
“a”.
6 SUMMARY AND CONCLUSIONS
We have studied an LLS towards Q0152−020 that presents
two well separated narrow metal absorption lines. Based on
the upper limit N(H i)< 1018.8 cm−2 and the measured col-
umn density of Fe ii, we infer the metallicity of the absorbing
system to be Z & 0.06Z⊙ . Using our VLT/MUSE observa-
tions, we have discovered six galaxies close to the redshift
of this absorber, and residing at impact parameters in the
range b = 60 – 205 kpc. All six galaxies are blue-shifted with
respect to the absorber, with relative velocities between 78
and 590 km s−1. Our main findings are as follows:
• The velocity dispersion of these six galaxies translates
to a virial radius and mass of 477 kpc and 8 × 1012 M⊙ ,
respectively.
• The extinction corrected SFR of these galaxies are in
the range 0.06–1.27 M⊙ yr−1. Galaxy “e” is only detected in
the continuum stellar light; we place a stringent upper limit
on its SFR of < 0.02 M⊙ yr−1. Using a BPT diagram we con-
firm the star-forming nature of the emission lines associated
with the other galaxies.
• We use several calibrations to estimate the oxygen
abundance of the emitting galaxies to be in a range of
12+log(O/H) = 7.94–8.70.
• The 2D metallicity map of galaxy “a” exhibits a sym-
metric metallicity distribution with a mild metallicity gradi-
ent of −0.012±0.004 dex kpc−1. By extrapolating this metal-
licity gradient to the apparent position of the quasar we
predict a metallicity of Zem(b=60kpc)=0.2 Z⊙ which is con-
sistent with the absorption metallicity.
• By analyzing the galaxy morphologies using a high spa-
tial resolution HST/WFPC2 image of the field we do not find
asymmetric light profiles to be associated with any of these
6 galaxies.
• Based on a morphokinematic analysis we obtain a max-
imum rotation speed of Vmax = 148 km s
−1 for galaxy “a”.
This translates to a halo mass of 1.2 × 1012 M⊙ and further
to a virial radius of 174 kpc. Using the Tully-Fisher relation
we find the stellar mass of M⋆ = 1.5±0.6×1010 M⊙ for galaxy
“a”.
We investigated if the gas detected in absorption to-
wards Q0152−020 arises from the intra-group gas. This pic-
ture is motivated by the fact that we find 6 galaxies near the
absorption redshift. However, we discount this scenario due
to the narrow absorption lines and the lack of strong inter-
actions between these galaxies. We then find this absorbing
system to be most likely associated with galaxy “a”.
We explore several possibilities for the origin of this ab-
sorption system: (i) galactic disk; (ii) outflow; (iii) recycled
gas via fountain; (iv) extended warped disk.
Based on the rotation curve of the galaxy “a” and the
impact parameter of b = 60 kpc if the absorbing gas is as-
sociated with the disk of galaxy “a” it must have a velocity
offset of ∼ 102–106 km s−1 with respect to the systemic red-
shift of the galaxy “a”. One of the absorption components
has a velocity of v = 104 km s−1 that matches very well the
prediction from the rotation curve. Hence, this component
most likely originates from the disk of galaxy “a”.
A very wide opening angle of ∼ 160° is required for a
biconical outflow to cross this sightline as the apparent po-
sition of the quasar is almost exactly aligned with the major
axis of galaxy “a”. Furthermore, the SFR surface density of
this galaxy, ΣSFR = 0.014 ± 0.001 M⊙ yr−1, is an order of
magnitude smaller than the threshold required for driving
the large scale galactic winds (Heckman 2002). These two
considerations strongly argue against the outflow scenario.
We also notice that the large specific angular momentum of
the gas at b = 60 kpc contradicts the fountain scenario in
which the absorbing system is associated with recycled gas
originating from SN ejecta.
The very small azimuthal angle of the apparent posi-
tion of the quasar with respect to the major axis of the
galaxy “a” and ∆v = 78 km s−1 velocity offset with respect
to the systemic redshift favor the scenario in which the
weaker absorbing component is associated with a warped
galactic disk. IGM cold-mode accretion is predicted to be
the main origin of such disks which are also referred to
as “cold-flow” disk. We estimated the specific angular mo-
mentum of the “cold-flow” disk to be ∼ 3 times that of
the hosting dark matter halo. This is in line with the re-
sults of the cosmological zoom-in simulations that predict a
spin parameter of “cold-flow” disk to be ≈ 0.2 at ∼ 0.4 Rvir
(Stewart et al. 2011b; Danovich et al. 2015). There is the
yet to be understood phenomenon of high velocity clouds in
the Local Group that have similar N(H i) and metallicities
as this LLS (e.g., Lehner & Howk 2010; Lehner et al. 2012;
Richter et al. 2016). However, we consider this interpreta-
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tion less likely as HVC clouds are observed, in the extreme
cases, at distances of b . 50 kpc, in interacting systems.
As the result of this study we have uncovered the ori-
gin of an LLS in the CGM of a galaxy at z = 0.38. This
was possible thanks to the power of IFU observation of this
quasar-galaxy pair. The combination of the MUSE obser-
vations, high resolution observations of the spectrum of the
QSO and the HST image of the field provide a powerful
tool to aid in disentangling the nature of the gas detected in
absorption. This combination should facilitate a deeper un-
derstanding of gas flows around galaxies when the geometry
is favorable.
ACKNOWLEDGEMENTS
This work has been carried out thanks to the support of the
OCEVU Labex (ANR-11-LABX-0060) and the A*MIDEX
project (ANR-11-IDEX-0001-02) funded by the “Investisse-
ments d’Avenir” French government program managed by
the ANR. HR and CP thank the ESO science visitor pro-
gramme for support. This research was supported by the
DFG cluster of excellence ‘Origin and Structure of the Uni-
verse’ (www.universe-cluster.de). We are grateful to Nicolas
Bouche´ for developing and distributing the galpak3D and
further helping us in utilizing this code. GGK acknowledges
the support of the Australian Research Council through the
award of a Future Fellowship (FT140100933). VPK acknowl-
edges partial support from NASA grants NNX14AG74G,
NNX17AJ26G, and NASA/STScI support for program GO
13801.
REFERENCES
Abraham R. G., Valdes F., Yee H. K. C., van den Bergh S., 1994,
ApJ, 432, 75
Agertz O., Teyssier R., Moore B., 2009, MNRAS, 397, L64
Aihara H., et al., 2011, ApJS, 193, 29
Aloisi A., Savaglio S., Heckman T. M., Hoopes C. G., Leitherer
C., Sembach K. R., 2003, ApJ, 595, 760
Arrigoni Battaia F., Hennawi J. F., Cantalupo S., Prochaska
J. X., 2016, ApJ, 829, 3
Asplund M., Grevesse N., Sauval A. J., Scott P., 2009, ARA&A,
47, 481
Baldwin J. A., Phillips M. M., Terlevich R., 1981, PASP, 93, 5
Barrera-Ballesteros J. K., et al., 2015, A&A, 579, A45
Behroozi P. S., Conroy C., Wechsler R. H., 2010, ApJ, 717, 379
Beira˜o P., et al., 2015, MNRAS, 451, 2640
Bertin E., Arnouts S., 1996, A&AS, 117, 393
Bielby R., Crighton N. H. M., Fumagalli M., Morris S. L., Stott
J. P., Tejos N., Cantalupo S., 2017, MNRAS, 468, 1373
Binney J., 1977, ApJ, 215, 483
Birnboim Y., Dekel A., 2003, MNRAS, 345, 349
Booth C. M., Schaye J., 2009, MNRAS, 398, 53
Bordoloi R., et al., 2011, ApJ, 743, 10
Bordoloi R., Lilly S. J., Kacprzak G. G., Churchill C. W., 2014a,
ApJ, 784, 108
Bordoloi R., et al., 2014b, ApJ, 794, 130
Borisova E., et al., 2016, ApJ, 831, 39
Bouche´ N., Murphy M. T., Pe´roux C., Csabai I., Wild V., 2007a,
New A Rev., 51, 131
Bouche´ N., Murphy M. T., Pe´roux C., Davies R., Eisenhauer F.,
Fo¨rster Schreiber N. M., Tacconi L., 2007b, ApJ, 669, L5
Bouche´ N., Hohensee W., Vargas R., Kacprzak G. G., Martin
C. L., Cooke J., Churchill C. W., 2012, MNRAS, 426, 801
Bouche´ N., Murphy M. T., Kacprzak G. G., Pe´roux C., Con-
tini T., Martin C. L., Dessauges-Zavadsky M., 2013, Science,
341, 50
Bouche´ N., Carfantan H., Schroetter I., Michel-Dansac L., Contini
T., 2015, AJ, 150, 92
Bouche´ N., et al., 2016, ApJ, 820, 121
Bowen D. V., Jenkins E. B., Pettini M., Tripp T. M., 2005, ApJ,
635, 880
Bregman J. N., 1980, ApJ, 236, 577
Briggs F. H., 1990, ApJ, 352, 15
Brinchmann J., Charlot S., White S. D. M., Tremonti C.,
Kauffmann G., Heckman T., Brinkmann J., 2004, MNRAS,
351, 1151
Brooks A. M., Governato F., Quinn T., Brook C. B., Wadsley J.,
2009, ApJ, 694, 396
Bullock J. S., Dekel A., Kolatt T. S., Kravtsov A. V., Klypin
A. A., Porciani C., Primack J. R., 2001, ApJ, 555, 240
Cantalupo S., Arrigoni-Battaia F., Prochaska J. X., Hennawi
J. F., Madau P., 2014, Nature, 506, 63
Cescutti G., Matteucci F., Franc¸ois P., Chiappini C., 2007, A&A,
462, 943
Chabrier G., 2003, PASP, 115, 763
Chen H.-W., Helsby J. E., Gauthier J.-R., Shectman S. A.,
Thompson I. B., Tinker J. L., 2010, ApJ, 714, 1521
Chiappini C., 2009, in Andersen J., Nordstro¨ara m B.,
Bland-Hawthorn J., eds, IAU Symposium Vol. 254,
The Galaxy Disk in Cosmological Context. pp 191–196,
doi:10.1017/S1743921308027580
Christensen L., Møller P., Fynbo J. P. U., Zafar T., 2014,
MNRAS, 445, 225
Christensen C. R., Dave´ R., Governato F., Pontzen A., Brooks
A., Munshi F., Quinn T., Wadsley J., 2016, ApJ, 824, 57
Churchill C. W., Rigby J. R., Charlton J. C., Vogt S. S., 1999,
ApJS, 120, 51
Chynoweth K. M., Langston G. I., Yun M. S., Lockman F. J.,
Rubin K. H. R., Scoles S. A., 2008, AJ, 135, 1983
Collins J. A., Benjamin R. A., Rand R. J., 2002, ApJ, 578, 98
Daddi E., et al., 2010, ApJ, 713, 686
Danovich M., Dekel A., Hahn O., Ceverino D., Primack J., 2015,
MNRAS, 449, 2087
Dekel A., Birnboim Y., 2006, MNRAS, 368, 2
Dessauges-Zavadsky M., Pe´roux C., Kim T.-S., D’Odorico S.,
McMahon R. G., 2003, MNRAS, 345, 447
Di Matteo P., Pipino A., Lehnert M. D., Combes F., Semelin B.,
2009, A&A, 499, 427
Dutton A. A., van den Bosch F. C., 2009, MNRAS, 396, 141
Epinat B., et al., 2009, A&A, 504, 789
Erb D. K., 2015, Nature, 523, 169
Fall S. M., Efstathiou G., 1980, MNRAS, 193, 189
Faucher-Gigue`re C.-A., Keresˇ D., 2011, MNRAS, 412, L118
Fenner Y., Gibson B. K., 2003, PASA, 20, 189
Fraternali F., Binney J. J., 2006, MNRAS, 366, 449
Fraternali F., Binney J. J., 2008, MNRAS, p. 375
Garc´ıa-Ruiz I., Sancisi R., Kuijken K., 2002, A&A, 394, 769
Genzel R., et al., 2010, MNRAS, 407, 2091
Gibson B. K., Pilkington K., Brook C. B., Stinson G. S., Bailin
J., 2013, A&A, 554, A47
Haas M. R., Schaye J., Booth C. M., Dalla Vecchia C., Springel
V., Theuns T., Wiersma R. P. C., 2013, MNRAS, 435, 2931
Hafen Z., et al., 2016, preprint, (arXiv:1608.05712)
Heald G., et al., 2011, A&A, 526, A118
Heckman T. M., 2002, in Mulchaey J. S., Stocke J. T.,
eds, Astronomical Society of the Pacific Conference Se-
ries Vol. 254, Extragalactic Gas at Low Redshift. p. 292
(arXiv:astro-ph/0107438)
MNRAS 000, 1–18 (2015)
Observational signatures for cold-flow accretion 17
Heckman T. M., Lehnert M. D., Strickland D. K., Armus L., 2000,
ApJS, 129, 493
Hess K. M., Cluver M. E., Yahya S., Leisman L., Serra P., Lucero
D. M., Passmoor S. S., Carignan C., 2017, MNRAS, 464, 957
Ho I.-T., Kudritzki R.-P., Kewley L. J., Zahid H. J., Dopita M. A.,
Bresolin F., Rupke D. S. N., 2015, MNRAS, 448, 2030
Ho S. H., Martin C. L., Kacprzak G. G., Churchill C. W., 2017,
ApJ, 835, 267
Houck J. C., Bregman J. N., 1990, ApJ, 352, 506
Husemann B., Bennert V. N., Scharwa¨chter J., Woo J.-H., Choud-
hury O. S., 2016, MNRAS, 455, 1905
Ishiyama T., et al., 2013, ApJ, 767, 146
Jenkins E. B., 2009, ApJ, 700, 1299
Kacprzak G. G., Churchill C. W., Steidel C. C., Murphy M. T.,
Evans J. L., 2007, ApJ, 662, 909
Kacprzak G. G., Murphy M. T., Churchill C. W., 2010a, MNRAS,
406, 445
Kacprzak G. G., Churchill C. W., Ceverino D., Steidel C. C.,
Klypin A., Murphy M. T., 2010b, ApJ, 711, 533
Kacprzak G. G., Churchill C. W., Nielsen N. M., 2012, ApJ,
760, L7
Kacprzak G. G., et al., 2014, ApJ, 792, L12
Kauffmann G., et al., 2003a, MNRAS, 341, 33
Kauffmann G., et al., 2003b, MNRAS, 346, 1055
Kennicutt Jr. R. C., 1998, ARA&A, 36, 189
Kennicutt R. C., Evans N. J., 2012, ARA&A, 50, 531
Kennicutt Jr. R. C., Lee J. C., Funes J. G., J. S., Sakai S.,
Akiyama S., 2008, ApJS, 178, 247
Keresˇ D., Katz N., Weinberg D. H., Dave´ R., 2005, MNRAS,
363, 2
Kewley L. J., Dopita M. A., Sutherland R. S., Heisler C. A.,
Trevena J., 2001, ApJ, 556, 121
Kewley L. J., Rupke D., Zahid H. J., Geller M. J., Barton E. J.,
2010, ApJ, 721, L48
Khare P., Kulkarni V. P., Lauroesch J. T., York D. G., Crotts
A. P. S., Nakamura O., 2004, ApJ, 616, 86
Kimm T., Slyz A., Devriendt J., Pichon C., 2011, MNRAS,
413, L51
Kobulnicky H. A., Kennicutt Jr. R. C., Pizagno J. L., 1999, ApJ,
514, 544
Kunth D., Sargent W. L. W., 1986, ApJ, 300, 496
Larson R. B., 1972, Nature, 236, 21
Lebouteiller V., Kunth D., Lequeux J., Aloisi A., De´sert J.-M.,
He´brard G., Lecavelier Des E´tangs A., Vidal-Madjar A., 2006,
A&A, 459, 161
Ledoux C., Bergeron J., Petitjean P., 2002, A&A, 385, 802
Ledoux C., Petitjean P., Fynbo J. P. U., Møller P., Srianand R.,
2006, A&A, 457, 71
Leethochawalit N., Jones T. A., Ellis R. S., Stark D. P., Richard
J., Zitrin A., Auger M., 2016, ApJ, 820, 84
Lehner N., Howk J. C., 2010, ApJ, 709, L138
Lehner N., Howk J. C., Thom C., Fox A. J., Tumlinson J., Tripp
T. M., Meiring J. D., 2012, MNRAS, 424, 2896
Lehner N., et al., 2013, ApJ, 770, 138
Lehnert M. D., Heckman T. M., 1996, ApJ, 462, 651
Leroy A. K., et al., 2013, AJ, 146, 19
Lundgren B. F., et al., 2012, ApJ, 760, 49
Ly C., et al., 2007, ApJ, 657, 738
Lynden-Bell D., 1975, Vistas in Astronomy, 19, 299
Madau P., Dickinson M., 2014, ARA&A, 52, 415
Maller A. H., Bullock J. S., 2004, MNRAS, 355, 694
Marinacci F., Fraternali F., Ciotti L., Nipoti C., 2010, MNRAS,
401, 2451
Martin C. L., 2005, ApJ, 621, 227
Martin C. L., Shapley A. E., Coil A. L., Kornei K. A., Bundy
K., Weiner B. J., Noeske K. G., Schiminovich D., 2012, ApJ,
760, 127
Martin D. C., Matuszewski M., Morrissey P., Neill J. D., Moore
A., Cantalupo S., Prochaska J. X., Chang D., 2015, Nature,
524, 192
Martin D. C., Matuszewski M., Morrissey P., Neill J. D., Moore
A., Steidel C. C., Trainor R., 2016, ApJ, 824, L5
Mihos J. C., Keating K. M., Holley-Bockelmann K., Pisano D. J.,
Kassim N. E., 2012, ApJ, 761, 186
Mo H. J., Mao S., White S. D. M., 1998, MNRAS, 295, 319
Muzahid S., Kacprzak G. G., Churchill C. W., Charlton J. C.,
Nielsen N. M., Mathes N. L., Trujillo-Gomez S., 2015, ApJ,
811, 132
Nestor D. B., Johnson B. D., Wild V., Me´nard B., Turnshek D. A.,
Rao S., Pettini M., 2011, MNRAS, 412, 1559
Newman S. F., et al., 2012, ApJ, 761, 43
Nielsen N. M., Churchill C. W., Kacprzak G. G., 2013, ApJ,
776, 115
Nielsen N. M., Churchill C. W., Kacprzak G. G., Murphy M. T.,
Evans J. L., 2015, ApJ, 812, 83
Noterdaeme P., Petitjean P., Ledoux C., Srianand R., 2009, A&A,
505, 1087
Noterdaeme P., et al., 2012, A&A, 547, L1
O’Meara J. M., et al., 2015, AJ, 150, 111
Oppenheimer B. D., Dave´ R., Keresˇ D., Fardal M., Katz N.,
Kollmeier J. A., Weinberg D. H., 2010, MNRAS, 406, 2325
Osterbrock D. E., 1989, Astrophysics of Gaseous Nebulae and
Active Galactic Nuclei (Mill Valley: University Science Books)
Pagel B. E. J., Patchett B. E., 1975, MNRAS, 172, 13
Pagel B. E. J., Edmunds M. G., Blackwell D. E., Chun M. S.,
Smith G., 1979, MNRAS, 189, 95
Pawlik M. M., Wild V., Walcher C. J., Johansson P. H., Vill-
forth C., Rowlands K., Mendez-Abreu J., Hewlett T., 2016,
MNRAS, 456, 3032
Pei Y. C., 1992, ApJ, 395, 130
Pe´roux C., McMahon R. G., Storrie-Lombardi L. J., Irwin M. J.,
2003, MNRAS, 346, 1103
Pe´roux C., Bouche´ N., Kulkarni V. P., York D. G., Vladilo G.,
2011, MNRAS, 410, 2237
Pe´roux C., Bouche´ N., Kulkarni V. P., York D. G., Vladilo G.,
2012, MNRAS, 419, 3060
Pe´roux C., Bouche´ N., Kulkarni V. P., York D. G., 2013, MNRAS,
436, 2650
Pe´roux C., Kulkarni V. P., York D. G., 2014, MNRAS, 437, 3144
Pe´roux C., et al., 2016, MNRAS, 457, 903
Pe´roux C., et al., 2017, MNRAS, 464, 2053
Pettini M., Pagel B. E. J., 2004, MNRAS, 348, L59
Pettini M., Shapley A. E., Steidel C. C., Cuby J., Dickinson M.,
Moorwood A. F. M., Adelberger K. L., Giavalisco M., 2001,
ApJ, 554, 981
Pichon C., Pogosyan D., Kimm T., Slyz A., Devriendt J., Dubois
Y., 2011, MNRAS, 418, 2493
Pilkington K., et al., 2012, A&A, 540, A56
Prochaska J. X., Wolfe A. M., 1997, ApJ, 487, 73
Prochaska J. X., Herbert-Fort S., Wolfe A. M., 2005, ApJ,
635, 123
Puech M., et al., 2008, A&A, 484, 173
Quiret S., et al., 2016, preprint, (arXiv:1602.02564)
Rahmani H., et al., 2016, MNRAS, 463, 980
Rao S. M., Turnshek D. A., Nestor D. B., 2006, ApJ, 636, 610
Rees M. J., Ostriker J. P., 1977, MNRAS, 179, 541
Richter P., et al., 2016, preprint, (arXiv:1611.07024)
Rigby J. R., Charlton J. C., Churchill C. W., 2002, ApJ, 565, 743
Rubin K. H. R., Prochaska J. X., Koo D. C., Phillips A. C., 2012,
ApJ, 747, L26
Rupke D. S. N., Kewley L. J., Barnes J. E., 2010, ApJ, 710, L156
Sa´nchez S. F., et al., 2014, A&A, 563, A49
Sancisi R., Fraternali F., Oosterloo T., van der Hulst T., 2008,
A&A Rev., 15, 189
Schaye J., et al., 2015, MNRAS, 446, 521
MNRAS 000, 1–18 (2015)
18 Hadi Rahmani et al.
Schroetter I., Bouche´ N., Pe´roux C., Murphy M. T., Contini T.,
Finley H., 2015, ApJ, 804, 83
Schulte-Ladbeck R. E., Ko¨nig B., Miller C. J., Hopkins A. M.,
Drozdovsky I. O., Turnshek D. A., Hopp U., 2005, ApJ,
625, L79
Scoville N., et al., 2016, ApJ, 820, 83
Shang Z., et al., 1998, ApJ, 504, L23
Shen J., Sellwood J. A., 2006, MNRAS, 370, 2
Shen S., Madau P., Guedes J., Mayer L., Prochaska J. X., Wadsley
J., 2013, ApJ, 765, 89
Sijacki D., Springel V., Di Matteo T., Hernquist L., 2007,
MNRAS, 380, 877
Silk J., 1977, ApJ, 211, 638
Simard L., et al., 2002, ApJS, 142, 1
Spitoni E., Recchi S., Matteucci F., 2008, A&A, 484, 743
Springel V., et al., 2005, Nature, 435, 629
Steidel C. C., Dickinson M., Persson S. E., 1994, ApJ, 437, L75
Steidel C. C., Kollmeier J. A., Shapley A. E., Churchill C. W.,
Dickinson M., Pettini M., 2002, ApJ, 570, 526
Steidel C. C., Erb D. K., Shapley A. E., Pettini M., Reddy N.,
Bogosavljevic´ M., Rudie G. C., Rakic O., 2010, ApJ, 717, 289
Stewart K. R., Kaufmann T., Bullock J. S., Barton E. J., Maller
A. H., Diemand J., Wadsley J., 2011a, ApJ, 735, L1
Stewart K. R., Kaufmann T., Bullock J. S., Barton E. J., Maller
A. H., Diemand J., Wadsley J., 2011b, ApJ, 738, 39
Stewart K. R., Brooks A. M., Bullock J. S., Maller A. H., Diemand
J., Wadsley J., Moustakas L. A., 2013, ApJ, 769, 74
Stewart K. R., et al., 2017, ApJ, 843, 47
Tacconi L. J., et al., 2013, ApJ, 768, 74
Thilker D. A., Braun R., Walterbos R. A. M., Corbelli E., Lock-
man F. J., Murphy E., Maddalena R., 2004, ApJ, 601, L39
Tremonti C. A., et al., 2004, ApJ, 613, 898
Tripp T. M., et al., 2011, Science, 334, 952
Tully R. B., Fisher J. R., 1977, A&A, 54, 661
Ve´ron-Cetty M.-P., Ve´ron P., 2010, A&A, 518, A10
Vladilo G., 1998, ApJ, 493, 583
Vogelsberger M., et al., 2014, Nature, 509, 177
Weidinger M., Møller P., Fynbo J. P. U., Thomsen B., 2005, A&A,
436, 825
Weilbacher P., 2015, in Science Operations 2015: Science
Data Management - An ESO/ESA Workshop, held 24-
27 November, 2015 at ESO Garching. Online at <A
href=”https://www.eso.org/sci/meetings/2015/SciOps2015.html”>
https://www.eso.org/sci/meetings/2015/SciOps2015.html</A>,
id.1. p. 1, doi:10.5281/zenodo.34658
Weiner B. J., et al., 2009, ApJ, 692, 187
Wolfe A. M., Gawiser E., Prochaska J. X., 2005, ARA&A, 43, 861
Wotta C. B., Lehner N., Howk J. C., O’Meara J. M., Prochaska
J. X., 2016, ApJ, 831, 95
Yang X., Mo H. J., van den Bosch F. C., Jing Y. P., 2005,
MNRAS, 356, 1293
Zafar T., Pe´roux C., Popping A., Milliard B., Deharveng J.-M.,
Frank S., 2013, A&A, 556, A141
Zjupa J., Springel V., 2017, MNRAS, 466, 1625
van de Voort F., Schaye J., Booth C. M., Dalla Vecchia C., 2011,
MNRAS, 415, 2782
van de Voort F., Davis T. A., Keresˇ D., Quataert E., Faucher-
Gigue`re C.-A., Hopkins P. F., 2015, MNRAS, 451, 3269
van der Kruit P. C., Freeman K. C., 2011, ARA&A, 49, 301
APPENDIX A: EMISSION AND VELOCITY
MAPS OF GALAXIES AT Z = 0.38
This paper has been typeset from a TEX/LATEX file prepared by
the author.
MNRAS 000, 1–18 (2015)
Observational signatures for cold-flow accretion 19
[OII]3727 [OIII]5007 Hα Vrot (km s−1)
50
100
25
50
50
100
0
50
−50
[OII]3727 [OIII]5007 Hα Vrot (km s−1)
10
50
5
25
10
50
0
50
−50
[OII]3727 [OIII]5007 Hα Vrot (km s−1)
10
30
-5
5
50
100
0
100
200
−100
−200
[OII]3727 [OIII]5007 Hα Vrot (km s−1)
10
40
10
40
10
40
0
100
−100
Figure A1. 6” × 6” maps of emission lines and rotation velocity for galaxies “b”, “c”, “d” and “f” from top to bottom. Color-bars have
units of 10−20 erg s−1 cm−2. Arrows in the left panels show the direction towards the quasar. The dashed line in the bottom-left panel
indicates the edge of the MUSE field of view.
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